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Abstract
The 110 kDa spindle pole body component, Spc110p, is an essential target of calmodulin in budding yeast. Cells with
mutations which reduce calmodulin binding to Spc110p are unable to form a mitotic spindle and die. Here we show that these
effects can be overcome either directly by increasing extracellular calcium or calmodulin expression, which reverse the
primary spindle defect, or indirectly through increased extracellular osmolarity or high dosage of MID2 or SLG1/HCS77/
WSC1 which preserve viability. We propose that overcoming a cell integrity defect associated with the mitotic arrest enables
the defective spindle pole bodies to provide sufficient function for proliferation of a large proportion of mutant cells. Our
findings demonstrate a role for calcium in the Spc110p-calmodulin interaction in vivo and have important general
implications for the interpretation of genetic interactions involving cell integrity genes. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction
Mitotic cell division requires the coordination of a
number of cellular events to achieve the e⁄cient in-
heritance a complete set of chromosomes by each of
the two progeny cells. In the budding yeast Saccha-
romyces cerevisiae, commitment to a new round of
cell division occurs in G1 at a key regulatory point
known as START. Growth is polarised to create a
bud that eventually becomes the daughter cell. Mi-
crotubules are organised by the spindle pole body
(SPB) located in the nuclear envelope. The SPB du-
plicates and separates to form the spindle, to which
replicated chromosomes become attached prior to
their segregation into mother and daughter cells dur-
ing mitosis. Bud growth and spindle formation by
duplication of the SPB are both initiated at START,
but after this point these two processes are believed
to progress independently as one can be inhibited
without apparent e¡ect on the other [1]. Failure in
either bud growth or spindle formation does ulti-
mately result in arrest of the cell cycle late in the
G2 phase through the action of checkpoints, which
monitor both cellular morphogenesis and mitotic
spindle formation [2,3].
Bud growth requires the polarised transport of
new cell surface material to the site of growth. A
key regulator of this process is Pkc1p, the yeast
homologue of mammalian protein kinase C. Pkc1p
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activates the Bck1p-Mkk1,2p-Mpk1p MAP kinase
cascade which induces expression of genes involved
in cell wall biosynthesis and cell cycle progression.
Activation of this pathway is particularly important
in response to various external stresses, including
high temperature, low osmolarity and cell wall dis-
ruption, as well as during mating [4]. Mutations in
the pathway render cells prone to lysis at elevated
temperatures due to weakening of the cell wall, a
phenotype that can be overcome by growth on me-
dium with osmotic support [5]. Pkc1p also regulates
the polarisation of the actin cytoskeleton, which is
necessary for polarised cell surface growth [6,7]. Re-
cently, the membrane proteins Mid2p and Slg1p
(also known as Hcs77p and Wsc1p) have been iden-
ti¢ed as important activators of cell integrity signal-
ling. Through a combination of genetic and biochem-
ical approaches, these proteins have been proposed
as sensors of stress-induced alterations in the cell
wall and activators of Pkc1p [8^12]. MID2 and
SLG1 have been identi¢ed in a diversity of high-
copy suppressor screens. For example, high-copy
MID2 suppresses the abnormal growth of a pfy1v
mutant [13] and the temperature sensitivity of a de-
letion of MPT5, which is involved in G1 control and
the recovery from mating pheromone [14], and cik1v
and kar3v, which have microtubule defects [15].
Multicopy SLG1 suppresses the temperature sensitiv-
ity of a swi4 mutant, which is involved in regulation
of transcription following START [8], glc7-10 which
has morphological defects [16], and mrs6-2, which
has vesicle polarisation defects [17]. However, in
some of these cases the functional basis for the ge-
netic interaction is not clear.
The SPB is a multilayered structure located in the
nuclear envelope. Many components of the SPB have
now been identi¢ed and localised within this struc-
ture [18]. One of these is Spc110p, a rod-like coiled-
coil protein which is located on the nuclear side of
the SPB [19]. The N-terminus of Spc110p interacts
with the Q-tubulin complex, composed of Spc97p,
Spc98p and Tub4p, while the C-terminus interacts
with SPB core proteins [20,21]. In this way,
Spc110p is thought to tether nuclear microtubules
via the Q-tubulin complex to the SPB. Spc110p is
also a key target of the ubiquitous Ca2-binding pro-
tein, calmodulin, which binds to a speci¢c site near
the C-terminus of Spc110p. This interaction is Ca2-
dependent in vitro [22,23], although direct measure-
ment of the a⁄nity of calmodulin for a peptide cor-
responding to this site showed virtually no calcium
dependence [24]. Mutations in this site which reduce
calmodulin binding are either lethal or confer tem-
perature-sensitive (Ts3) growth, severely disrupting
microtubule organisation and preventing chromo-
some segregation during mitosis. Thus, the binding
of calmodulin to Spc110p is normally essential for
growth [23,25^27]. Notably, a human calmodulin-
binding protein, kendrin, has recently been found
to share many of the sequence features of Spc110p
[28]. Kendrin is also localised to the centrosome,
which is functionally analogous to the yeast SPB,
and so may serve a similar function to Spc110p in
higher cells.
Genetic evidence indicates that calmodulin has
several essential functions in budding yeast [29] and
its interaction with Spc110p accounts for one of
these, its role in mitosis. Surprisingly, truncated ver-
sions of Spc110p that lack the calmodulin-binding
site are able to support growth and suppress the
temperature sensitivity of those calmodulin mutants
which are defective in mitosis [22]. This has led to the
suggestion that calmodulin binding is normally nec-
essary to disrupt an autoinhibitory interaction or dis-
place an inhibitory factor located near the calmodu-
lin-binding site. In the absence of such an inhibitory
region, calmodulin binding would be dispensable,
thus explaining the viability of the SPC110 trunca-
tion mutants [22,23]. However, the precise role of
calmodulin at the SPB is unknown. Calmodulin
could mediate Ca2-regulation of microtubule at-
tachment to the SPB via Spc110p in a manner anal-
ogous to its regulatory role in several well-character-
ised processes in mammalian cells [30]. However,
mutant calmodulins which are unable to bind Ca2
in vitro, are able to support growth [31] which im-
plies that Ca2-binding is not required for calmodu-
lin to perform its essential roles in budding yeast,
including its SPB function.
In this study, we present evidence that Ca2 is in
fact important in the essential Spc110p^calmodulin
interaction. We also describe a genetic interaction
between SPC110 and PKC1 and its activators
MID2 and SLG1 and show that Mid2p and Slg1p
are likely to regulate other intracellular targets in
addition to Pkc1p.
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2. Materials and methods
2.1. Strains, media and general methods
Standard recombinant DNA methods were per-
formed as described by Sambrook et al. [32]. Strains
used and generated in this study are listed in Table 1.
Basic yeast methods and growth media were as de-
scribed by Kaiser et al. [33]. Yeast transformations
were carried out according to the method of Gietz et
al. [34]. To test multiple strains for temperature sen-
sitivity, strains were grown with selection for all
markers, diluted to the same cell density and samples
of equal volume (approximately 5 Wl) were spotted
using a multipronged inoculating manifold (Dan-Kar
Corp.) onto YPAD agar, YPAD agar supplemented
with 100 mM CaCl2 (to cause an increase in intra-
cellular Ca2 [35]) or YPAD agar supplemented with
1 M sorbitol. Plates were incubated at the temper-
atures indicated for between 2 and 5 days and then
photographed.
Viability was determined either by methylene blue
staining [36] or by measuring the ability of cells to
form colonies. Cultures were diluted and grown to
around 2U106 cell ml31 in SCD liquid medium, se-
lecting for plasmids as appropriate. Samples were
then removed at various times, brie£y sonicated
and added to 0.01 volume 1% methylene blue dis-
solved in 2% sodium citrate. The proportion of
dark blue staining, inviable cells was determined by
microscopic examination within 10 min of sampling.
Viability was expressed as the percentage of methyl-
ene blue negative cells at each time point, counting
duplicate samples of a minimum of 250 cells each.
Alternatively, after brief sonication, diluted samples
were spread on YPAD agar plates and incubated at
26‡C for 2 days. Viability was calculated as the num-
ber of colony forming units per ml divided by the cell
Table 1
Strains
Strain Genotype Source/reference
AY925 MATa Kim Arndt
AY927 MATa/MATK Alan Sneddon
DSY110/1 MATa trp1-1: :SPC110 spc110: :LEU2 [23]
DSY111/6 MATa trp1-1: :spc110-111 spc110: :LEU2 [23]
DSY118/10 MATa trp1-1: :spc110-118 spc110: :LEU2 [23]
TRY124 MATa trp1-1: :spc110-124 spc110: :LEU2 [26]
PY6 MATa trp1-1: :spc110-2 spc110: :LEU2 [25]
DSY142 MATa spc42-10 John Kilmartin
DSY134 MATa/MATK SLG1/slg1v : :HIS3 This study
DSY134-2C MATa slg1v : :HIS3 This study
DSY144 MATa/MATK MID2/mid2v : :URA3 This study
DSY144-1A MATK mid2v : :URA3 This study
DSY144-4D MATa mid2v : :URA3 This study
DSY178 MATa/MATK MID2/mid2v : :URA3 SLG1/slg1v : :HIS3 This study
DSY178-5A MATK mid2v : :URA3 slg1v : :HIS3 This study
DSY178-8A MATa mid2v : :URA3 slg1v : :HIS3 This study
DSY234 MATa/MATK slg1v : :HIS3/slg1v : :HIS3 This study
DSY244 MATa/MATK mid2v : :URA3/mid2v : :URA3 This study
DSY278 MATa/MATK mid2v : :URA3/mid2v : :URA3 slg1v : :HIS3/slg1v : :HIS3 This study
JGY44-2A MATa cmd1-1 [42]
JGY41 MATa cmd1-3 [31]
DSY154 MATK version of TRY124 This study
DSY176-1B MATK trp1-1: :spc110-124 spc110: :LEU2 bub2: :URA3 This study
TRY501 MATa trp1-1: :spc110-124 spc110: :LEU2 mad2: :URA3 Tim Rayner
K4373 MATa bub2v : :URA3 Kim Nasmyth
K6599 MATa mad2v : :URA3 Kim Nasmyth
All strains are derived from the W303 background (ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 can1-100) with only additional markers
listed in the table.
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density in cells per ml, and plotted as the percentage
of the viability at time zero (% initial survival). Cell
density and mean cell volume of cells ¢xed with 3.7%
w/v formaldehyde were determined using a CASY0
cell counter and analyzer (Scha«rfe System, GmbH).
To determine viability on exposure to mating pher-
omone, synthetic K-factor was added at a ¢nal con-
centration of 20 Wg ml31 to exponentially growing
cultures of MATa cells diluted to approximately
2U106 cells ml31 in SCD medium and shaken at
26‡C. This relatively high concentration of K-factor
was necessary because these experiments required
prolonged treatment of SST1 (BAR1) strains with
K-factor. CaCl2 or sorbitol were added to SCD me-
dium at ¢nal concentrations of 100 mM and 1 M
respectively to determine their e¡ects on viability.
Immuno£uorescence microscopy and image acqui-
sition were performed as previously described [16,26].
2.2. Isolation of high-copy suppressors of spc110-118
Strain DSY118/10 was transformed with a YEp24-
based yeast genomic DNA library [37] and plated on
SCD medium lacking uracil. After 24 h incubation at
24‡C, plates were incubated at 37‡C for 2^3 days.
The plasmid dependence of the temperature resis-
tance of colonies which grew at 37‡C was established
by curing strains of the plasmid by growth on me-
dium containing 5-£uoroorotic acid [38] and con¢rm-
ing that temperature sensitivity was restored. Plas-
mids conferring temperature resistance were
recovered in Escherichia coli and screened by colony
hybridisation with radiolabelled fragments of the
SPC110 and CMD1 genes. Two of the remaining
plasmids, pDS131 and pDS141, were analysed by
restriction mapping and DNA sequence determina-
tion. pDS131 contained a single complete open read-
ing frame identical to YOR008C/SLG1. pDS141 con-
tained several open reading frames and so various
fragments were subcloned to determine which of
these was responsible for spc110 suppression.
pDS143 contains a 3.8 kb subfragment of the
pDS141 insert which encodes MID2 and which was
able to confer temperature resistance to DSY118/10,
whilst other portions of the insert did not. pDS107 is
a YEp24 library plasmid encoding CMD1 obtained
from this screen. A 2.5 kb SalI^EcoRV fragment of
pDS131 including the whole SLG1 gene was inserted
into the 2W HIS3 plasmid pDS108 [23] to give
pDS139. 2W URA3 and LEU2 plasmids encoding
PKC1 were as previously described [16,39].
2.3. DNA manipulations and strain constructions
To make a strain carrying a deletion of SLG1, a
DNA construct in which the entire SLG1 reading
frame was replaced by the HIS3 marker was gener-
ated by a double fusion PCR method based on Am-
berg et al. [40]. The 5P region of SLG1 was ampli¢ed
using primers A (5P-GATATTGTTATTGCTTA)
and B (5P-AAACGTTGAATGAAGACGTCGGG-
GGTTCGGTCTCATTATTTA) and fused to the
HIS3 gene of pDS108 [23] ampli¢ed using primers
C (5P-CCCCGACGTCTTCATTCAACGT) and D
(5P-CCCATCGATACCACTTGCCACC). This fu-
sion construct was in turn joined to the 3P region
of SLG1 which had been ampli¢ed using primers
E (5P-TAGGTGGCAAGTGGTATCGATGGGAG-
CTGATTGAAGAAACCC) and F (5P-TCCAGCT-
CTCAAATTCG). This yielded a 1.7 kb PCR prod-
uct which was used to transform strain AYS927. To
make a deletion of MID2 in the same genetic back-
ground, primers £anking MID2 (5P-ATTGAGAG-
ATCTCACGG and 5P-TGCCTTGTTCAACCATG)
were used to amplify a 2.6 kb deletion fragment from
an existing sms1v : :URA3 strain kindly supplied by
Yoshiko Kikuchi. SMS1 is allelic to MID2 [41]. This
fragment was then transformed into AYS927. PCR
ampli¢cation with primers £anking the MID2 and
SLG1 loci was used to identify diploid Ura or
His transformants with one copy of the deleted
gene (strains DSY144 and DSY134 respectively).
These diploid strains were sporulated and following
tetrad dissection, progeny were scored for inheritance
of the appropriate auxotrophic marker. DSY144-1A
(MATK mid2v : :URA3) and DSY134-2C (MATa
slg1v : :HIS3) were crossed to generate diploid
DSY178. This strain was sporulated, tetrads dis-
sected and progeny scored for inheritance of both
URA3 and HIS3 markers. Two of the resulting
strains, DSY178-8A (MATa mid2v : :URA3 slg1v : :
HIS3) and DSY178-5A (MATK mid2v : : URA3
slg1v : :HIS3) were crossed to give a diploid
(DSY278) homozygous for the mid2v : :URA3 and
slg1v: :HIS3 deletions. Diploids DSY244 and
DSY234 homozygous for mid2v : :URA3 or slg1v : :
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HIS3 respectively were also generated by crossing
progeny of DSY144 and DSY134. Strain DSY154
(MATK spc110-124) was crossed with K4373
(MATa bub2: :URA3) and K6599 (MATa ma-
d2: :URA3) and the resulting diploid strains sporu-
lated to yield strains DSY176-1B and TRY501 re-
spectively.
3. Results
3.1. High extracellular Ca2+ or osmolarity suppress
spc110 temperature sensitivity
We have previously generated three di¡erent Ts3
alleles of spc110, each having mutations in the
Spc110p calmodulin-binding site. These alleles di¡er
in their maximum permissive growth temperatures
and we have proposed that the severity of these mu-
tations re£ects the degree to which calmodulin bind-
ing to the mutant Spc110 proteins has been reduced
[26]. The spc110-118 and spc110-124 alleles have sim-
ilar terminal phenotypes, failing to form a recognis-
able spindle, whilst the most severe allele, spc110-
111, has predominantly broken spindles. To investi-
gate further the interaction between calmodulin and
Spc110p and its signi¢cance for SPB function, we
examined the e¡ect of elevated extracellular Ca2
on growth of these spc110 mutants. We also tested
strain PY6, which relies on the Ts3 spc110-2 allele.
spc110-2 mutations lie well outside the calmodulin-
binding site and so the Spc110p produced is unlikely
to be altered in its calmodulin-binding properties
[25]. Elevated extracellular Ca2 had no e¡ect on
the temperature-sensitivity of the spc110-111 or
spc110-2 strains but permitted growth of spc110-118
and spc110-124 strains at 37‡C which was indistin-
guishable from wild-type (Fig. 1 and Table 2). Thus,
Ca2-suppression is restricted to the two alleles that
are suppressed well by elevated calmodulin [25,26]
indicating that this e¡ect is speci¢cally associated
with the calmodulin binding property of Spc110p.
To investigate whether this Ca2-suppression was
mediated by calmodulin, we also examined two Ts3
calmodulin mutants, cmd1-1 and cmd1-3 [31,42].
cmd1-3 encodes a mutant protein in which all the
Ca2-binding sites are altered and which is unable
to bind Ca2 in vitro [31]. Both cmd1 mutants are
defective in mitosis at 37‡C through a failure to in-
teract with Spc110p since both are suppressed by
dominant SPC110 truncation mutations [22]. How-
ever, only cmd1-1 and not cmd1-3 Ts3 lethality was
relieved by elevated Ca2 (Table 2). Taken together,
our data are consistent with the Ca2-suppression
being mediated directly by calmodulin rather than
through some other calmodulin-independent mecha-
nism, which would not be predicted to cause the
observed allele speci¢city.
We also examined the e¡ect of high osmolarity on
growth of spc110 strains. Surprisingly, the Ts3
growth defect of all four spc110 mutants as well as
of both cmd1-1 and cmd1-3 strains was signi¢cantly
lessened by high osmolarity (Fig. 1 and Table 2).
This osmoremedial Ts3 phenotype is characteristic
of mutants with cell wall defects, suggesting that a
failure in Spc110p function compromises cell integ-
rity as well as spindle formation. Suppression by high
osmolarity is not restricted to spc110 mutants as we
also found that the Ts3 growth phenotype of anoth-
er SPB mutant, spc42-10 [43], was greatly improved
by growth on high osmolarity medium but not by
elevated Ca2 (Table 2).
3.2. MID2 and SLG1 are high-copy suppressors of
spc110 temperature sensitivity
We screened for high-copy suppressors of the Ts3
spc110-118 allele. We have shown previously that
overexpression of calmodulin can suppress the Ts3
growth of spc110 mutants [23], and we isolated plas-
mids encoding CMD1 as expected. All other plas-
mids isolated in this screen encoded either MID2 or
the open reading frame YOR008C. These genes en-
code proteins which are similar both in overall se-
quence organisation and function (see below). More
recently, YOR008c has been variously named
HCS77[8], WSC1 [9] and SLG1 [10]. For simplicity,
we will refer to this gene as SLG1.
We tested the other spc110 alleles for high-copy
suppression by CMD1, MID2 and SLG1. As ex-
pected, Ts3 growth of the spc110-2 mutant was not
suppressed by high dosage CMD1, while the restric-
tive growth temperatures of spc110-111, spc110-118
and spc110-124 were increased, as found previously
[25,26]. In contrast, the high temperature growth of
all the spc110 strains was improved by high-copy
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MID2 or SLG1 (Fig. 2). Thus, unlike suppression by
CMD1, suppression by high-copy MID2 or SLG1 is
not speci¢c to those alleles encoding mutant Spc110
proteins with impaired calmodulin binding.
Both MID2 and SLG1 have recently been pro-
posed to encode activators of the Pkc1p-Mpk1p
cell integrity pathway. We found that high-copy
PKC1 could suppress spc110 temperature sensitivity,
although less well than MID2 or SLG1 (Fig. 2).
High-copy ROM2 was also able to suppress the
spc110 Ts3 growth whereas high-copy MPK1 or
SKN7 do not (data not shown). ROM2 encodes a
nucleotide exchange factor for the small GTPase
Rho1p [44], which activates Pkc1p, MPK1 encodes
the MAP kinase of the cell integrity MAP kinase
pathway which is activated by Pkc1p [5], and
SKN7 encodes a transcription factor involved in
cell wall gene expression which is proposed to act
in parallel with the Pkc1p-Mpk1p pathway [45]. We
conclude that spc110 temperature sensitivity can be
suppressed by high-copy MID2 and SLG1. This is
most likely to be mediated by Pkc1p but may not
Fig. 1. Suppression of spc110 temperature sensitivity by elevated calcium and osmolarity. Exponentially growing strains DSY110/1
(wild-type) DSY111/6 (spc110-111), DSY118/10 (spc110-118), TRY124 (spc110-124) and PY6 (spc110-2) were diluted to 5U106 cells
ml31 and three further 10-fold serial dilutions made. These were then spotted on YPAD, YPAD+100 mM CaCl2 or YPAD+1 M sor-
bitol agar plates (highest cell density on the left) as described in Section 2, which were incubated at the temperatures shown for
4 days. These results are also summarised in Table 2.
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involve the downstream MAP kinase cascade. In-
deed, there is evidence for bifurcation of signalling
pathways downstream of Pkc1p [46].
3.3. The spc110 temperature-sensitive phenotype can
be suppressed by two distinct mechanisms
The identi¢cation of MID2 and SLG1 in a variety
of genetic screens has suggested their involvement in
diverse cellular processes. We therefore examined
closely the e¡ect of these genes in high-copy on the
spc110 mutant phenotype in order to understand the
basis for this genetic interaction. At the non-permis-
sive temperature, spc110 cells arrest growth with
Fig. 2. High-copy suppressors of spc110 temperature sensitiv-
ity. The four spc110 mutant strains described in Fig. 1 were
each transformed with plasmids YEp24 (YEp), pDS107
(YEpCMD1), pDS131 (YEpSLG1), pDS143 (YEpMID2) or
YEpPKC1 [16]. The resulting 20 strains were spotted onto
YPAD agar plates as indicated, which were incubated at the
temperatures shown for 4 days.
Fig. 3. Suppression of spc110 temperature sensitivity by two
mechanisms. Cultures growing exponentially at 26‡C in SCD
medium, with selection for plasmids as appropriate, were trans-
ferred to a 37‡C water bath at time zero and shaken for several
hours during which samples were periodically removed. Cell
density (A,E), cell viability determined by plating (B,F), the
percentage of cells with large buds (C,G) and the mean cell vol-
ume determined using a CASY0 cell counter and analyzer
(D,H) are plotted for each culture. In panels A^D, data for
TRY124 (spc110-124) plus empty YEp vector (8), YEpCMD1
(E), YEpSLG1 (a) or YEpMID2 (O) are shown. After pro-
longed incubation, YEpSLG1 and YEpMID2 strains did reach
stationary phase (7U107 cells ml31) with no further change in
viability (not shown). In panels E^H, equivalent data for
TRY124 grown in SCD (8), SCD+100 mM CaCl2 (E) or
SCD+1 M sorbitol (a) are presented.
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large buds, replicated DNA, and separated spindle
pole bodies, but have abnormal and defective mitotic
spindles. These mutants fail to separate their DNA
into mother and daughter cells and eventually die
[26]. Exponentially growing cultures of spc110-124
cells carrying the appropriate plasmids were incu-
bated at 37‡C for several hours during which samples
were taken for analysis. With an empty vector
present, growth ceased with the accumulation of
large budded cells and a dramatic loss of viability.
This was accompanied by a marked increase in the
mean cell volume (Fig. 3A^D). Cells carrying a high-
copy CMD1 plasmid continued to proliferate and
showed none of the mutant phenotypes. In contrast,
with high-copy MID2 or SLG1, large-budded cells
accumulated but did not exhibit the dramatic loss
of viability shown by the strain with empty vector.
Following the initial period after the temperature
shift, these strains were able to continue growing at
a reduced rate with little loss of viability and even-
tually reached stationary phase at a similar cell den-
sity to a wild-type strain (not shown). Samples of
each culture were taken after 4 or 9 h incubation
at 37‡C and examined by immuno£uorescence mi-
croscopy. In the spc110-124 mutant with high-copy
CMD1, large budded cells with well-organised elon-
gated spindles were present (Fig. 4). In contrast, with
high-copy MID2 or SLG1, the large budded cells
which had accumulated were similar to the vector
control, having highly abnormal branched microtu-
bule structures. This indicates that MID2 or SLG1
behave in a similar manner with neither gene in high-
Table 2
Summary of suppression by elevated Ca2 and osmolarity
Mutation(s) Growth medium Temperature (‡C)
22 26 28 30 32 34 35.5 37
spc110-2 YPAD +++ +++ +++ +++ ++ + + 3
YPAD+Ca +++ +++ +++ +++ ++ + + 3
YPAD+sorb +++ +++ +++ +++ +++ +++ +++ ++
spc110-111 YPAD +++ +++ +++ +++ ++ 3 3 3
YPAD+Ca +++ +++ +++ +++ ++ 3 3 3
YPAD+sorb +++ +++ +++ +++ +++ +++ ++ 3
spc110-118 YPAD +++ +++ +++ +++ +++ + 3 3
YPAD+Ca +++ +++ +++ +++ +++ +++ +++ +++
YPAD+sorb +++ +++ +++ +++ +++ +++ +++ +++
spc110-124 YPAD +++ +++ +++ +++ +++ +++ ++ 3
YPAD+Ca +++ +++ +++ +++ +++ +++ +++ +++
YPAD+sorb +++ +++ +++ +++ +++ +++ +++ +++
spc110-124 mad2v YPAD +++ +++ +++ +++ ++ + 3 3
YPAD+Ca +++ +++ +++ +++ +++ +++ +++ +++
YPAD+sorb +++ +++ +++ +++ +++ +++ +++ ++
spc110-124 bub2v YPAD +++ +++ +++ +++ +++ ++ + 3
YPAD+Ca +++ +++ +++ +++ +++ +++ +++ +++
YPAD+sorb +++ +++ +++ +++ +++ +++ +++ ++
cmd1-1 YPAD +++ +++ +++ +++ 3 3 3 3
YPAD+Ca +++ +++ +++ +++ +++ +++ ++ 3
YPAD+sorb +++ +++ +++ +++ +++ + 3 3
cmd1-3 YPAD +++ +++ +++ +++ +++ +++ 3 3
YPAD+Ca +++ +++ +++ +++ +++ +++ 3 3
YPAD+sorb +++ +++ +++ +++ +++ +++ +++ ++
spc42-10 YPAD +++ +++ ++ 3 3 3 3 3
YPAD+Ca +++ +++ ++ 3 3 3 3 3
YPAD+sorb +++ +++ +++ +++ +++ ++ + 3
Strains with the mutations indicated were incubated for several days at a range of temperatures on YPAD, YPAD+100 mM CaCl2
(YPAD+Ca) or YPAD+1 M sorbitol (YPAD+sorb) agar plates and scored for growth as follows: +++ good growth; ++ reduced
growth; + very poor growth; 3 no growth.
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copy suppressing the primary e¡ect of the spc110-124
mutation on spindle formation.
We also examined the e¡ect of increased Ca2 or
osmolarity on the phenotype of the spc110-124 mu-
tant at 37‡C. Cells grown in high calcium medium
grew normally, showing none of the mutant pheno-
types (Fig. 3E^H). As with high-copy MID2 or
SLG1, the presence of 1 M sorbitol did not prevent
the accumulation of large budded cells but did pre-
vent the major loss of viability. In conclusion, sup-
pression of spc110 Ts3 lethality by high-copy CMD1
or elevated extracellular Ca2 occurs by a reversal of
the primary spc110 defect while the e¡ect of high-
copy MID2 or SLG1 or high osmolarity is to pre-
serve viability in the face of the cell cycle defect
caused by the spc110 mutation.
3.4. The spc110 mitotic defect activates the spindle
checkpoint
We combined spc110-124 with either mad2v or
bub2v deletions to test the e¡ect of inactivating the
spindle checkpoint on spc110 Ts3 growth. mad2v
and bub2v mutants are not themselves temperature-
sensitive. However, the maximum growth tempera-
ture of both double mutants was reduced compared
to the spc110-124 mutant, the spc110 mad2v strain
showing the more severe Ts3 growth (Table 2). We
conclude that in spc110 mutants at temperatures be-
low their normal restrictive temperature, defects in
microtubule organisation must occur that activate
the spindle checkpoint but which are overcome dur-
ing the resulting cell cycle delay. However, at higher
temperatures, an intact checkpoint is not su⁄cient to
prevent loss of viability. When the checkpoint is in-
activated by mutation, more severe Ts3 growth re-
sults because there is less opportunity for the micro-
tubule defects to be resolved as mitosis progresses
unchecked.
C
Fig. 4. Microtubules organisation in spc110-124 remains abnor-
mal in the presence of high-copy suppressors. Cells of strain
TRY124 transformed with the plasmids indicated were exam-
ined by immuno£uorescence microscopy to visualise DAPI-
stained DNA (left panels) and FITC labelled tubulin (right
panels). Cells present in samples taken after 4 or 9 h incubation
at 37‡C are shown in the upper and lower panels respectively
for each strain.
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The Ts3 growth of the spc110-124 mad2v and
spc110-124 bub2v double mutants was suppressed
completely by increased extracellular Ca2 but only
partially by high osmolarity, whereas the single
spc110-124 mutant was well suppressed by either
treatment (Table 2). This further emphasises the dis-
tinct mechanisms by which high extracellular Ca2 or
osmolarity overcome the temperature sensitivity of
spc110 mutants.
3.5. spc110 cells arrested in mitosis become fragile
The data presented so far suggests spc110 mutants
not only have a defect in spindle organisation but
also in cell integrity, since their temperature sensitiv-
ity can be overcome by growth with osmotic support
or by high dosage of genes involved in promoting
cell wall biosynthesis. As this had not been reported
previously we re-examined the morphology of these
mutants. Wild-type and spc110-124 strains grown in
YPAD liquid medium were examined by phase-con-
trast microscopy. In the wild-type strain at both
26‡C and 37‡C, around 5% of cells appeared phase
dark. In the spc110-124 mutant, 6% of cells were
phase dark at 26‡C, but this increased to 17% after
incubation at 37‡C for 4 h. This was remedied by
high osmolarity as after 4 h at 37‡C in YPAD+1
M sorbitol, only 6% of cells were phase dark. Phase
dark cells are indicative of cell lysis and so this shows
that when arrested in mitosis, spc110-124 cells be-
come more fragile and so prone to lysis. Many of
these phase dark cells appeared to be derived from
the arrested, large budded cells which had broken at
the bud neck, suggesting a possible weakness at the
normal site of cytokinesis (data not shown). This cell
integrity defect could be due to either the substantial
increase in volume which accompanies the arrest
(Fig. 3) or some inherent de¢ciency in the cell wall
in these mutants. To distinguish these possibilities,
we examined the e¡ect of the cell wall disrupting
drug Calco£uor White or low concentrations of
SDS on spc110 mutants at a range of temperatures.
There was no signi¢cant di¡erence in the sensitivity
of spc110 mutants to these agents when compared to
wild-type (data not shown). Thus, the cell integrity
defect would appear to be a consequence of the mi-
totic arrest caused by spc110 mutations rather than
re£ecting a more direct role of Spc110p in cell wall
function.
3.6. MID2 and SLG1 have overlapping but distinct
functions
We have shown that increased dosage of either
MID2 or SLG1 achieve suppression of spc110 Ts3
growth in the same way. Although the MID2 and
SLG1 gene products do not appear closely related
at the primary sequence level, they are of similar
size and overall organisation. Both are predicted to
be type I single pass transmembrane proteins with N-
terminal signal sequences and transmembrane seg-
ments within their C-terminal halves. In both pro-
teins, between these hydrophobic sequences lie re-
gions rich in serine and threonine residues. These
overall similarities suggest that these proteins may
have related functions. We made diploid strains het-
erozygous for either mid2v : :URA3 or slg1v : :HIS3
and established that neither MID2 or SLG1 is essen-
tial, as has been found previously [8^10,41,47]. A
diploid strain heterozygous for both deletions was
sporulated and following tetrad dissection, viable
haploid progeny inheriting both markers were ob-
tained. However, many of the progeny with this gen-
otype failed to grow into a colony and microscopic
examination indicated a failure to germinate (data
not shown). This phenotype was suppressed when
the tetrads were dissected on medium containing
1 M sorbitol, when almost all mid2v slg1v haploids
were viable.
Growth of mid2v and slg1v strains was tested at a
variety of temperatures (Fig. 5A). Haploid slg1v
strains showed only slightly reduced growth at high
temperature while mid2v slg1v haploid strains were
Ts3. These phenotypes were more pronounced in ho-
mozygous diploid cells. In contrast, neither mid2v
haploids nor homozygous diploids were Ts3. The
temperature-sensitivity of both haploid and diploid
slg1v or mid2v slg1v strains was fully suppressed
by growth on medium containing 1 M sorbitol
(Fig. 5A). It has been reported previously that the
combination of mid2v and slg1v is lethal without
osmotic support [11,12]. Our ability to isolate a
mid2v slg1v strain which is viable in the absence of
osmotic support is most likely to be due to a di¡er-
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ence in the genetic background of the strains used.
Consistent with this, slg1v temperature sensitivity
also varies in di¡erent strain backgrounds [10].
When an exponential culture of the mid2v slg1v dip-
loid strain was shifted to 37‡C, the observed growth
arrest was indicative of a defect in bud growth. After
4 h, approximately 32% of cells appeared unbudded
and 62% had very small buds (at least 250 cells were
counted for each of four samples). The majority of
cells were dead as approximately 60% stained with
methylene blue. Even when grown at 25‡C, the pro-
portion of cells with large buds was substantially
lower than in a wild-type culture with many dead
cells evident. This phenotype is reminiscent of cell
integrity signalling mutants [46,48].
MID2 was identi¢ed as one of several genes in
which mutations cause a loss of viability during pro-
longed exposure to mating pheromone (so-called
‘mid’ phenotype). mid2v and slg1v strains were
therefore incubated with K-factor and viability mea-
sured over several hours (Fig. 5B). Both strains
showed a mid phenotype, losing viability in the pres-
ence of K-factor. The loss of viability in the slg1v
strain is less rapid than for the mid2v strain, suggest-
ing that the two proteins do not contribute equally to
maintenance of viability in K-factor. This is sup-
ported by the fact that although high-copy MID2
suppressed the mid phenotype of a slg1v strain fully,
high-copy SLG1 did not completely reverse the mid
phenotype of a mid2v strain (Fig. 5B). Notably, the
e¡ects of deletion of these two genes on survival in
K-factor are additive (Fig. 5B and 6). The more se-
vere mid phenotype and Ts3 growth defect shown by
the mid2v slg1v mutant indicate that Mid2p and
Slg1p have overlapping functions during both mating
and vegetative growth.
The temperature sensitivity of slg1v and mid2v
slg1v strains can be partly suppressed by high-copy
PKC1 (Fig. 6A; [8^10]). In contrast, we found that
neither high-copy PKC1 nor high osmolarity signi¢-
cantly altered the sensitivity of mid2v, slg1v or
mid2v slg1v strains to prolonged K-factor treatment
under the conditions used (Fig. 6B). As the growth
defects of mutants in the Pkc1p-Mpk1p pathway are
fully suppressed by high osmolarity, this suggests
that there must be additional pathways regulated
by MID2 and SLG1 which are responsible for sur-
vival in mating pheromone and which may also con-
tribute in other conditions.
Fig. 5. MID2 and SLG1 have overlapping but distinct func-
tions. (A) Haploid and homozygous diploid strains DSY134-2C
and DSY234 (slg1v), DSY144-4D and DSY244 (mid2v),
DSY178-8A and DSY278 (mid2v slg1v) were spotted on
YPAD and YPAD+1M sorbitol agar plates which were incu-
bated at the temperatures shown. (B) Cell viability on pro-
longed incubation with K-factor was monitored by methylene
blue staining: wild-type (AY925, 7) ; slg1v (DSY134-2C, F) ;
mid2v (DSY144-4D, b) ; mid2vslg1v (DSY178-8A, R) ;
slg1v+YEpMID2 (pDS143; E) ; mid2v+YEpSLG1 (pDS139;
a).
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4. Discussion
4.1. The role of Ca2+ in the Spc110p^calmodulin
interaction
It has been proposed that Ca2-binding by cal-
modulin is not required for any of calmodulin’s es-
sential functions in budding yeast [31]. One of these
essential functions is in mitosis, where calmodulin
normally must interact with Spc110p at the SPB
[19,22,23]. Several Ts3 alleles of spc110 cause abnor-
mal microtubule organisation leading to a failure to
Fig. 6. The Pkc1 pathway is unlikely to be the sole target of Mid2p and Slg1p. (A) Diploid strains DSY234 (slg1v) and DSY278
(mid2v slg1v) transformed with empty vector or YEpPKC1 [37] were grown with selection for the plasmids and 10-fold serial dilutions
were spotted onto YPAD agar plates (highest cell density on the left) which were incubated at the temperatures indicated for 3 days.
(B) Strains AY925 (wild-type), DSY134-2C (slg1v), DSY144-4D (mid2v) and DSY178-8A (mid2v slg1v) transformed with empty vec-
tor or YEpPKC1 [39] were grown with selection for plasmids in SCD medium or SCD plus 1 M sorbitol as indicated. Cell viability
in each culture was determined by plating samples taken 0, 5 or 9 h after addition of K-factor. Each value is the average of at least
four samples and the bars indicate the standard deviation.
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segregate replicated chromosomes into mother and
daughter cells. The ensuing arrest in mitosis is fol-
lowed by cell death [25^27]. We have found that two
spc110 alleles are fully suppressed by growth on me-
dium containing high Ca2. A number of observa-
tions indicate that this suppression is directly medi-
ated by calmodulin and not by another indirect
means. Suppression by elevated Ca2 is speci¢c for
two alleles, spc110-118 and spc110-124, which show
similar arrest phenotypes, have mutations which af-
fect calmodulin binding and which are suppressed
well by calmodulin overexpression or high-copy
CMD1 [26]. Also, although high Ca2 suppresses
the Ts3 growth of cmd1-1, it does not suppress
cmd1-3 (encoding the non-calcium binding mutant
calmodulin) nor does it suppress another Ts3 SPB
mutant, spc42-10. Thus elevated extracellular Ca2 is
not generally capable of suppressing mutants which
arrest in mitosis.
It would appear that a functional interaction be-
tween calmodulin and the spc110-118 and spc110-124
mutant proteins can be achieved either by increased
amounts of calmodulin or by elevated intracellular
Ca2. It is possible that Ca2 is only required for
calmodulin to interact with these mutant Spc110 pro-
teins and not for its interaction with wild-type
Spc110p. However, the fact that cmd1-3 mutant
alone shows Ts3 growth supports the view that
high-a⁄nity Ca2-binding is always necessary for
the Spc110p^calmodulin interaction at high temper-
atures.
4.2. An alternative mechanism of suppression of
spc110 temperature sensitivity
We have also found suppression of spc110 temper-
ature-sensitivity by high osmolarity and, unlike sup-
pression by Ca2 or high-copy CMD1, this is not
allele speci¢c. Similarly, suppression of all spc110
alleles tested can also be achieved by high dosage
of MID2, SLG1 or PKC1. The phenotype of the
spc110-124 mutant in the presence of either these
high-copy suppressors or 1 M sorbitol is similar. In
neither situation is the primary spc110 defect over-
come. At elevated temperatures, large-budded cells
with highly abnormal microtubules still accumulate,
but they no longer undergo the dramatic loss of via-
bility seen with the unsuppressed strain and are able
to proliferate, albeit at a reduced rate. Again, this is
in marked contrast to the e¡ects of either elevated
Ca2 or high-copy CMD1, which e¡ectively reverse
the primary defect and allow the spc110 mutant to
grow normally at 37‡C. This argues against a direct
role for cell integrity signalling in regulating spindle
formation via Spc110p. Interestingly, a known SPB
component, Cdc31p, is also required for maintaining
cell integrity [49]. Cdc31p regulates SPB duplication
through interaction with Kar1p [50,51] and cell in-
tegrity and morphogenesis via the Kic1p protein ki-
nase [49]. However, it remains unclear whether these
two functions are linked as a signi¢cant amount of
Cdc31p is not located at the SPB [50,52] and so
Cdc31p may have two quite separate functions.
High osmolarity causes the intracellular accumula-
tion of glycerol [53] which might stabilise mutant
Spc110 proteins and so allow them to function
more normally. However, as spc110 mutants are
also suppressed by increasing the copy number of
the cell integrity genes MID2, SLG1 and PKC1, it
is more likely that suppression is by a common
mechanism, namely stabilisation of the cell wall.
Thus, at high temperatures, as well as being unable
to form a functional mitotic spindle, spc110 cells may
also have a cell integrity defect. An attractive hy-
pothesis is that there exists a signal initiated from
the SPB to activate cell wall synthesis during bud
growth. Such a mechanism might be important for
coordinating events in the nucleus with the cell cor-
tex during the cell division cycle. In spc110 mutants
or other mitotic mutants such as spc42-10, this signal
may be disrupted, thereby compromising cell integ-
rity. However, direct evidence for such a mechanism
is lacking. At permissive growth temperatures spc110
cells are not particularly fragile or sensitive to cell
wall disruption by low concentrations of SDS or
Calco£uor White.
An alternative explanation is that the cell integrity
defect is secondary. For example, the mitotic arrest is
accompanied by a large increase in cell size which
may render cells more fragile and likely to lyse.
This might be overcome either by osmotic stabilisa-
tion or strengthening of the cell wall in the case of
the high-copy suppressors. Consistent with this, elec-
tron microscopy has revealed the formation of a
thicker, apparently multilayered cell wall in mother
cells with high-copy MID2 [13]. Preserving the very
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large arrested cells longer may simply allow more
time for the spindle to become su⁄ciently organised
to e¡ect DNA segregation. We have presented evi-
dence that this type of mechanism already exists in
the form of the mitotic spindle checkpoint, which
allows spc110 cells to overcome spindle defects at
temperatures below their restrictive temperature.
We consistently found that MID2 and SLG1 were
better spc110 high-copy suppressors than PKC1.
Both high-copy MID2 and SLG1 cause a signi¢cant
reduction in growth rate [11,54]. In contrast, there is
no evidence that high-copy PKC1 slows growth.
During our studies, we noted that the temperature
sensitivity of spc110 mutants was partially relieved
by growth on a number of other solid media on
which growth is slower, including rich media supple-
mented with galactose, ra⁄nose or reduced concen-
trations of glucose or in the presence of hydroxyurea
(our unpublished data). Indeed, one e¡ect of 1 M
sorbitol is to slow growth. Thus, more e⁄cient sup-
pression might be due to dual e¡ects, cell wall stabi-
lisation and slowing of growth. Alternatively, the
more e⁄cient suppression by MID2 and SLG1 might
involve other Pkc1p-independent pathways which are
activated by these genes and for which we have also
presented evidence.
Indirect mechanisms may therefore account for
some of the diverse genetic interactions involving
MID2 and SLG1. For example, MID2 is also a
high-copy suppressor of a pro¢llin-de¢cient mutant,
pfy1v. These mutant cells are larger than normal but
are restored to wild-type size by high-copy MID2.
However, this only partially suppresses other pheno-
types of this mutant [13]. SLG1 is a high-copy sup-
pressor of the mrs6-2 temperature sensitivity. How-
ever, this interaction is likely to be indirect as the
primary defect of mrs6-2 is depolarisation of secre-
tory vesicles, which is still observed in the presence of
high-copy SLG1 [17]. In both of these cases, a direct
consequence of the primary defect could be a weak-
ened cell wall which would account for suppression
by high-copy cell integrity genes. A phenotype more
reminiscent of spc110 mutants is conferred by cik1v
and kar3v mutations which have microtubule defects
and arrest in mitosis. Both MID2 and ROM2 were
identi¢ed as high-copy suppressors of the Ts3
growth of these mutants [15]. ROM2 encodes an ac-
tivator of Rho1p which has a central role in coordi-
nating polarised cell surface growth [55] and acti-
vates Pkc1p and the L-glucan synthase Fks1p
[56,57]. In this case, suppression may be due to en-
hanced cell integrity rather than a direct e¡ect on
microtubule function as we propose for spc110. By
the same argument, mutations which compromise
cell integrity would be predicted to cause increased
sensitivity to microtubule-destabilising drugs, which
cause a mitotic arrest with the accumulation of large
budded cells. Indeed, a rom2v mutant is sensitive to
benomyl, and yet has no detectable microtubule de-
fect indicative of a direct role in microtubule func-
tion [15]. slg1 mutants have also been reported to
cause benomyl-sensitivity [58]. Thus, to aid the inter-
pretation of high-copy suppression by cell integrity
genes, it is important to establish their e¡ect on the
primary defect to address the likelihood of the type
of indirect mechanism we propose.
An implication of our ¢ndings is that in spc110
mutants, the formation of the abnormal spindle is
not itself lethal. Rather, it is the associated cell in-
tegrity defect which causes the loss of viability and, if
this is overcome, in the majority of cells the abnor-
mal spindle must eventually function su⁄ciently well
to allow cells to proliferate. The same may be true of
the spc42-10 mutant, which shows osmoremedial Ts3
growth, and perhaps certain other mitotic mutants.
Since completing this work, Khalfan et al. [59]
have proposed that the Pkc1p-Mpk1p pathway may
regulate SPB duplication. They showed genetic inter-
actions between Pkc1p-Mpk1p pathway genes and
several SPB duplication mutations which a¡ect
Cdc31p function but which have no apparent cell
wall defect. As they also found similar genetic inter-
actions between cell integrity genes and an spc110
mutation, they have suggested that Spc110p and
Cdc31p have interrelated functions and may interact
physically during SPB duplication. However, the
data we present here support the notion that, at least
for SPC110, the basis for its genetic interactions with
the Pkc1p-Mpk1p pathway is more likely to be due
to cell integrity e¡ects.
4.3. The roles of MID2 and SLG1
Our investigations con¢rm the overlapping but
distinct roles of MID2 and SLG1 and their impor-
tance in maintaining cell integrity. MID2 is more
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important for survival in mating pheromone while
SLG1 has a greater role in vegetative growth at
high temperatures. However, both genes do contrib-
ute in each situation as in both cases, double mutants
showed more severe phenotypes. Consistent with
their overlapping functions, either MID2 or SLG1
in high-copy suppressed spc110 mutants.
Suppression of spc110 temperature-sensitivity by
MID2 and SLG1 may operate via the cell integrity
MAP kinase pathway or other pathways which these
proteins regulate. A variety of evidence now supports
the existence of other pathways. Deletions of MID2
or SLG1 cause opposite responses to cell wall stress
by treatment with Calco£uor White; an slg1v strain
is more sensitive than wild-type, whilst a mid2v
strain is signi¢cantly more resistant [11,60]. This in-
dicates that there must be di¡erences in the down-
stream targets of the two proteins. The Ts3 cell lysis
of slg1v wsc2v cells is suppressed not only by con-
stitutively activated forms of RHO1, but also RHO3
[9]. Although both RHO genes are involved in bud
enlargement, RHO3 is functionally distinct from
RHO1 [61] and so this indicates that SLG1 regulates
other pathways which are independent of Rho1p.
Martin et al. [62] showed that deletion of either
MID2 or SLG1 causes a reduction in the phosphor-
ylation of Mpk1p in response to thermal stress. No-
tably, they found that this e¡ect is more marked in a
mid2v strain than in a slg1v strain, and yet slg1v
confers temperature-sensitivity whilst mid2v does
not. This lack of correlation argues that the response
to high temperature is not limited to activation of
Mpk1p via the cell integrity MAP kinase pathway.
We have also presented evidence that survival in
mating pheromone is not mediated by the Pkc1p-
Mpk1p cell integrity pathway alone as although
both high-copy PKC1 and osmotic stabilisation sig-
ni¢cantly reduce the Ts3 growth conferred by slg1v
and mid2v slg1v mutations, they have no e¡ect on
the mid phenotype of these strains or a mid2v mu-
tant. Ketela et al. [11] found that elevated dosage of
PKC1 did partially suppress the mid phenotype of
mid2v cells indicating that Pkc1p does contribute
towards survival in mating pheromone. The discrep-
ancy between our results is likely to be due to the
concentrations of K-factor used as they did report
that high-copy PKC1 could not suppress the mid2v
phenotype at higher concentrations of K-factor. No-
tably, we have found that high-copy MPK1 does not
suppress spc110 temperature-sensitivity nor does it
suppress the mid phenotype of mid2v mutants [11],
indicating that the MAP kinase pathway may not
mediate in either process. Therefore, signalling
downstream of MID2 and SLG1 appears to be
more complicated than the simple activation of
Pkc1p and the cell integrity MAP kinase pathway.
We have presented evidence for a direct in vivo
role for Ca2 in the interaction between calmodulin
and the SPB protein, Spc110p. We also propose an
indirect mechanism whereby activation of cell integ-
rity signalling prevents the lethality associated with
the mitotic arrest of spc110 mutants, and that this
may involve pathways which are independent of
Pkc1p. Our conclusions about the nature of high-
copy suppression of spc110 mutants should assist
future interpretation of genetic interactions with
genes involved in cell integrity signalling.
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